The structures of di-0-a-maltosyl /J-cyclodextrins ((G2)2-/?-CDs), which were produced from a-maltosylfluoride (a-G2F) and cyclodextrin (CD) by the transfer action of debranching enzymes, were examined by the enzymic method using Bacillus subtilis saccharifying a-amylase (BSA).
Branched cyclodextrins (CDs), in which glucose or maltooligosaccharides are linked by a-1,6 glucosidic linkages to glucose residues, are useful for the solubilization of waterinsoluble or slightly soluble compounds.
Several methods for preparing branched CDs have been reported. They are produced by the action of cyclodextrin glucanotransferase on amylopectin1~3) and the reverse action of maltose and maltotriose with CDs by debranching enzymes such as pullulanase4~6) or isoamylase.7 " 9) Wehave reported that branched CDswere produced efficiently and specifically from a-maltosylfluoride (a-G2F) and CDs by the transfer action of debranching enzymes.10'1Î t was shown that not only 6-O-a-maltosyl CDs 2585 (G2-CDs) but multi-branched CDs such as di-maltosyl ((G2)2-CDs) and tri-maltosyl CDs ((G2)3-CDs) were formed. (G2)2-j3-CD was identified as 6,6-di-<9-a-maltosyl jS-CD, but the linkage positions of two maltose residues to P-CD are not known. Abe et al.8) have reported that 6A,6D-di-0-a-maltosyl /?-CD was formed by the reverse action of isoamylase.
Wedescribe here the structural analysis of (G2)2-/?-CD that were synthesized from a-G2F and /?-CD by an enzymic method.
Materials and Methods
Materials. A crystalline glucoamylase (25 U/mg) from Rhizopus niveus was supplied by Ueda Chemical Co., Ltd.
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Purified bacterial saccharifying a-amylase (BSA) from
Bacillus subtilis was prepared as described previously.12) Cyclodextrinase1 3' 140 from Bacillus coagulans was purified in our laboratory. Isoamylase from Pseudomonas amyloderamosa and pullulanase from Aerobacter aerogenes were purchased from Seikagaku Kogyo Co., Ltd.
a-Maltosylfluoride (a-G2F) was prepared as described previously. 1 5) 63-0-a-glucosylmaltotriose (isomaltosylmaltose; IMM) was prepared by paper chromatography (PPC) from the hydrolysates of soluble starch by BSA.16)
Other chemicals used were of the highest grade commercially available.
Chromatography. PPC was done using Toyo Roshi No.
50 filter paper, for Method A, multiple ascent with w-butanol-pyridine-water (6:4:3, 3 times and 1 : 1 : 1, twice) as the solvent system, and for Method B, «-butanol-pyridine-water (6 : 4 : 3, twice) as the solvent system. Spots of reducing sugars on the paper chromatogram were detected with silver nitrate reagent after treatment with glucoamylase by the method of Kainuma and French.17) Preparative and analytical high performance liquid chromatography (HPLC) were done on a column of Polygosil 10-NH2 using 65% aqueous acetonitrile as the carrier.15) Preparation of (G2)2-p-CD and {GA)2-P-CD. Fifty milliliters of lOOmMacetate buffer (pH 4.6) containing 40mMa-G2F, 20mM/?-CD, and 2U/ml isoamylase was incubated at 40°C for 1 hr. After enzyme inactivation by heating the reaction mixture in boiling water for lOmin, a (G2)2-/?-CD fraction was obtained from the mixture by a Extex GF-817 M (Japan Exlan Co., Ltd.) column chromatography, followed by preparative HPLCwith a Polygosil 10-NH2 column.
Conversion of (G2)2-£-CD into (G^-jS-CD was done with crystalline glucoamylase as follows; (G2)2-/?-CD and glucoamylase (0.04 U/mg substrate) in 10 mMacetate buffer (pH 4.6) was incubated at 40°C for 15hr. The resulting ((ji)2-/?-CD was isolated by column chromatography with Extex GF-817 M, and lyophilized. The yield of (G1)2-j8-CD was 140mg.
FAB-MS. Fast atom bombardment mass spectrometry (FAB-MS) was done with a JMS DX-303 mass spectrometer (JEOL) using argon atoms having a kinetic energy equivalent to 6keV. The mass marker was calibrated with Ultramark 1621 (perfluoroalkyl phosphazine) and glycerol-dimethylsulfoxide was used as the matrix solvent. Saccharide B, which was a oligosaccharide produced from {G1)2-fi-CD by BSA digestion as shown in Fig. 1A , was analyzed in the positive-ion mode.
Reduction. Reduction of oligosaccharide was done with sodium borohydride at room temperature for 15 hr, and the resulting borate was removed as methyl borate by evaporation.
13C-NMR. 13C-NMRspectra (100 MHz) were recorded on about 1 % solutions in D2O, using a JEOL JMNGX-400 FT-NMR spectrometer. The FT-NMRconditions were as follows: spectral width, 10,000 Hz; pulse flipping angle, 90°; number of data points, 32,768. A micro cell was used and chemical shifts are expressed in ppm down field from the signal of tetramethylsilane refered to internal deuterioacetone (29.8 ppm).
Results
BSA digestion of (G1)2-p-CD (G2)2-j8-CD was first converted to (G^-jS-CD to facilitate the analysis in the subsequent BSA digestion.
BSA18) hydrolyzes a-1,4 glucosidic linkages except for the first and second glucosidic linkage toward the reducing end from the branching point in the branched oligosaccharides.
BSAhydrolyzes maltooligosaccharides to glucose and maltose, but maltose is hydrolyzed to glucose by a high concentration of BSA. To examine the structure of (G1)2-j8-CD, BSA, which is known to hydrolyze various brached dextrins to produce IMM as the smallest branched oligosaccharide, was used.
Possible structures of (G^-jft-CD and their fragments digested with BSAare summarized in Scheme 1. Branched oligosaccharides arising from A, B and A, C types of(G^-jS-CD were tentatively named BG6and BG7, respectively. To obtain the fragments digested by BSA, (GO^-CD (50mg) and BSA (25mg) 13C-NMRanalysis of saccharide B The structure of saccharide B was further confirmed by the following 1 3C-NMRanalysis. Figure 5 shows 13C-NMR spectra (100mHz) ofsaccharide B and reduced saccharide B. Peak The CH2signals were easily recognized as negative peaks by the DEPT method. The C-6 signals of the glucose residues (M2, M4, SI, S2, see Scheme 2) normally appeared at the highest field ((S-60.9). The peaks at S 62.61 and S 6.3.1 1, which appeared after reduction of saccharide B, could be attributed to C-6 of the Ml residue (Ml-6) and M1-1. The resonances of M3-6 and M5-6 were shifted down field by about 6ppm from the normal range for unsubstituted C-6, and it was indicated that two branching points having different magnetic environments were present in saccharide B. Four signals of C-4 taken part in glycosidic linkage formation were observed; the M2-4, M3-^and M4-4 resonance occurred at (5-79, and the Ml-4 resonance appeared at S 82.32. The signals ofglycosidic carbon linked to the C-4 carbon appeared at -101 ppm, and that of the carbon linked to the C-6 carbon appeared at 98.43 and 99.12ppm. Thus the structure of saccharide B was confirmed as 63,65-di-O-glycosylmaltopentaose. Consequently, the structure of the parent (G1)2-i?-CD was deduced to be a mixture of the A,C-type and A,D-type.
Ratio ofA, CandA, D To decide the ratio of the A, C and A, D types, 15 mg of (GJ^-jS-CD was digested with Calculation was based on a composition of 40%A, C type and 60% A, D type.
8mg of BSAin 500/d of lOniM acetate buffer (pH 6.0) for 20hr, and the fragments digested by BSA were analyzed by HPLC (Table I) . G1-jS-CD10) was used as the control material. On the other hand, glucose, IMM, and BG7 were produced from (G^-jS-CD in the molar ratio of 142: 125:41.3. As shown in Table I, the analytical data agreed with the theoretical ratio (140 : 120 : 40), which was calculated when (G1)2-jS-CD was a mixture ofA, C and A, D types with the ratio of40 : 60. It has become apparent that the structure of parent (G2)2-/?-CD was a mixture of 6A,6C-di-O-a-maltosyl jS-CD and 6A,6D-di-0-a-maltosyl j8-CD, and the ratio was 2: 3.
Structure of several branched CDs
Since the same ratio ofA,C/A,D type as that shown in Table I was obtained in the direct digestion of parent (G2)2-j8-CD with BSA, other branched CDs prepared by isoamylase were also examined with the same analytical method, using the parent (G2)2-/?-CD and (G2)2-y-CD.
The digestive products of different (G2)2-/?-CD sample were 378mol% of glucose, 103mol% of IMM, and 44.9mol% of BG7, that is, the composition of (G2) We found significant quantities of 6A,6c-di-0-a-maltosyl jS-CD in (G2)2-j8-CD formed from a-G2F and jS-CD by the transfer action of bebranching enzymes. A large quantity of 6A,6c-di-0-a-maltosyl £-CD formation by a-G2F transfer reaction maybe related to the substrate reactivity and reaction conditions. The reaction using 40mMa-G2F as substrate was done at 40°C for 1hr. In the reverse reaction, an extremely high concentration of maltose (m order) and CDs were incubated with a high concentration of debranching enzymes at high temperature (about 60°C) for several days.
The A, C/A, D ratio in (G2)2-j8-CD produced by isoamylase was slightly affected (40 : 60-45:55) by conditions for the synthesis. Aerobacter pullulanase produced 30 parts of A, C and 70 parts ofA, D. The difference in the A, C/A, D ratio within those enzymes may be related to a difference in the recognition pattern of the acceptor G2-j8-CD. Another possibility may be a difference in the hydrolysis rate of (G2)2-/?-CDs synthesized once.
Hizukuri et al.6) isolated and identified Structure of (G2)2-CDs 6,6-di-O-a-maltosyl y-CD from condensation products with pullulanase, but the branching position had not been shown. Wefound BG7 derived from A, C type of branched CDs in the BSA digests of (G2)2-y-CD. The content of the A, C type was estimated to be about 35%, and the remainder were thought to be A, D and/orA, E type, but the A, D/A, E ratio has not been measured.
The composition of positional isomers in (G2)2-a-CD could not be analyzed, since (G2)2-a-CD were not digested by BSA under the conditions described here.
